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reactions such as M + 02, M + H 2 0 , and MO + O2 (where M = Ba or Sr) were also studied. The M + O2 reactions were found to give chemielectron spectra which wefe totally different from those seen in the MO + H 2 0 reactions whereas the M O + O2 and M + H 2 0 reactions did not produce any chemielectrons.
Although these reactions will be discussed in detail e l s e~h e r e ,~~ a preliminary account of the BaO + H20 and SrO + H20 chemielectron spectra is presented here, as in the early stages of the BaO(s) and SrO(s) evaporation experiments these chemielectron spectra were found to make significant contributions to the photoelectron spectra recorded.
Spectra obtained from the BaO + H20 and SrO + H 2 0 reactions are shown in parts a and b of Figure 4 , respectively. In both cases, part of the spectrum was recorded with the photon source on and nitrogen was added to calibrate the energy scale.
In the BaO + H 2 0 case at a furnace temperature of 1900 f 50 K, a structured band was observed with a peak maximum of 1.56 f 0.05 eV (Figure 4a ). The observed structure was regular with an average spacing of 1050 f 100 cm-'. As the furnace temperature was increased to 2000 f 50 K, the chemielectron band broadened and its peak maximum moved to 1.86 f 0.10 eV electron kinetic energy. In the SrO + H 2 0 case, at a furnace temperature of 2050 f 50 K a structured chemielectron band was also seen with a band maximum of 1.76 f 0.15 eV (Figure 4b ). Again regularly spaced structure was observed with an average separation of 850 f 100 cm-'. This band showed no noticeable temperature dependence up to a furnace temperature of 2150 f 50 K. At this stage, a detailed mechanism for these chemielectron reactions cannot be presented as further experiments to measure more accurately the temperature dependence and structure of the observed bands are required and mass spectrometric measurements are needed to identify the ions produced. However, a possible mechanism would be electron transfer from a M(OH)2 electronically and vibrationally excited state to the ground electronic state of the ion, M(OH)2+, with vibrational structure corresponding to transitions to different vibrational levels of the ion, as discussed earlier for the 0 + C H and Ce + O2 chemiionization reaction^.^'
In this work the UV photoelectron spectra of barium and strontium monoxides have been recorded for the first time. Although only one band has been observed for each molecule, the experimental band onsets have led to a determination of upper limits for the dissociation energies in the ionic ground states. The X 2 P and A211 states of both BaO+ and SrO+ are very close in energy and higher resolution studies will obviously be required to establish their energy separation and probe the spectroscopic properties of these states.
I. Introduction
The understanding of the electronic spectra of polyenes continues to be a challenging problem for experimentalists and theoreticians.' In particular, the long-chain polyenes have been of special interest due to their importance in the chemistry of vision. It has been generally assumed that the photophysics of the longer chain species should bear some resemblance to that of the shorter members of this class, and as a result molecules like butadiene, hexatriene, and octatetraene have received special attention2 Unfortunately, these short-chain species have proven to be complicated problems themselves. For example, for 1,3-butadiene, while there has been good agreement between experiment and ab initio theory for the two lowest triplet states and a number of the low-lying Rydberg state^,^-^ there is nearly total disagreement as to the nature and position of the excited state involved in the lowest optically allowed transition. The aim of the present article is to reexamine some of the low-lying singlet states of trans-1,3-butadiene, as well as to present results for analogous states of the cis isomer of 1,3-butadiene.
The low-lying singlet states which have been assigned to Kr* excitations have the symmetry designations IA, and lBU. The ground state is of symmetry ]A,. The dominant feature in the * Author to whom correspondence should be addressed. opticalg-13 and electron impact ~pectral~-~O (at low scattering angles) is a broad intense band stretching from 5.7 to 6.3 eV,
(1) (a) Robin, M. B. Higher Excited States of Polyatomic Molecules, Vol. 11; Academic Press: New York, 1975. (b) having three peaks separated by approximately 0.16 eV,ls the intensity maximum occurring at 5.92 eV.I4 This feature has been assigned as the lowest a -a * excitation to a state of 'B, symmetry. In C2, symmetry this transition is formally allowed. On the basis of the band's intensity and its persistence in solution the state is believed to be predominantly valencelike.'" A variety of assignments have been made for the l'A, -+ 'A,, 'B, (np) Rydberg series. Doering and M~D i a r m i d '~@ assigned the peaks at 6.67 and 7.07 eV to the 3p origins of two Rydberg series but did not differentiate between them as to whether the np series were in-plane or out-of-plane. Johnson14 has suggested that for n > 3 the in-plane and out-of plane Rydberg series are nearly isoenergetic but did not assign the peaks at 6.67 and 7.07 eV. More recently, Reddish et a1.20 have assigned the 7.07-eV transition to a single 'A, -+ 'A, (3p) transition (Le., an in-plane Rydberg state), although they leave open the possibility of a lower intensity 'A, -'B, (3pJ transition underlying the transition to the 'A, state.
Another low-lying singlet state of interest is the 2'Ag state. The original assignment of this state was to a broad, weak, structureless feature around 7.3 eV.14*'s However, motivated by the finding that for long-chain polyenes the lowest singlet state is a one-photon forbidden state of the same symmetry as the ground state,2 a number of searches for a lower state of 'A, symmetry have been made. Electron i m p a~t '~,~~ and two-and three-photon ionization spectroscopy2's22 have failed to reveal any hint of a low-lying (Le. below 6 eV) state of 'A, symmetry. An ion-impact study of substituted dienes by Staley et al. found a feature in the region of 6.1-6.7 eV which they suggested may be due to the 2'A, state.23 A recent resonance Raman has found evidence suggestive of a 'A,-type state at energies between 5.4 and 5.8 eV, that is, below the energy of the first 'B, transition.
Theretical studies have also been attempted on butadiene and longer polyenes. This work can be broadly divided on the basis of whether s e m i e m p i r i~a l~~-~~ or a b initio3-8s28 methods were employed. One recent semiempirical treatment of polyene spectra used a Pariser-Parr-Pople Hamiltonian and allowed extensive CI within the a space25 (the u framework was chosen as a frozen core). Rydberg functions were not included in the basis set used, thus only valencelike states could be properly addressed. This treatment yielded excitation energiesz5 of 5.8 and 5.5 eV to the l'B, and 2'A, states, respectively, in reasonable agreement with CNDO/S + double excitation CI calculations on the same system. 25 A number of groups have performed ab initio calculations on the low-lying states of b~t a d i e n e .~-~ The results of Hosteny et those of Buenker et a1.,6 and those of Nascimento and Goddard7q8 are of particular interest. Hosteny et aL4 used a DZ + a Rydberg basis, treated the u framework as frozen, and performed up to and including full CI's in the a space (l'B,,: Rydberg, 7.01 eV; 2'A,: valence, 6.73 eV; 2IB,: Rydberg, 8.02 eV). Buenker et aL6 used a DZ basis + Rydberg functions on the C atoms and performed perturbation-theory-selected MRSDCI calculations ( l'B,: Rydberg, 6.67 eV; 2lA,: valence, 7.02 eV; 2'B,: valence, 7.67 eV). Nascimento and G~d d a r d ' ,~ used a DZ basis + Rydberg functions on the C atoms and performed GVB plus limited CI calculations (l'B,: Rydberg, 6.67 eV; 2'A,: valence, 7.02 eV; 2'B,: Rydberg, 7.7 eV). All three studies were in excellent agreement with experiment on the lowest triplet states. 
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agreement with experiment on the lowest 'B, (3s Rydberg) state at 6.2 eV, assigned the allowed, relatively weak feature at 6.6 eV to the first 'B, Rydberg state, agreed with early experimental estimates on the position of the 2'A, state (Le. near 7.1 eV), and suggested that the valencelike feature at 6.0 eV was probably due to a nonvertical transition.
Two previous studies concerning the excited states of the cis isomer have also been presented. Shih et aL5 used a near DZ basis augmented with s and p Rydberg functions and performed a electron CI's which yielded excitation energies of 6.35 and 6.67 eV to the 1'B2 and 2'A1 states, respectively. Grimbert et a1.28 studied the disrotatory ring closing of cis-l,3-butadiene to yield cyclobutene and obtained excitation energies of 7.00 and 7.40 eV to the 1 'B2 and 2'AI states, respectively. In their work they used an STO-3G basis, augmented with diffuse p functions and performed limited a CI's.
In the present article we present results from a reinvestigation of some of the low-lying singlet states of truns-1,3-butadiene using SCF, MCSCF, and CI methods. We also present results for a number of the low-lying excited states of the cis isomer. The comparison of the excitation energies and spatial extents of the lowest singlet excited states in these two isomers is especially intriguing and suggests a subtle interplay between the geometry of the molecule and the qualitative description of the states. Further, our results indicate that care must be used in the CI treatments employed so as not to bias the state descriptions. The remainder of the article is organized as follows. In section 11, the geometries and basis sets which were used are discussed, along with the various wave functions employed. In section 111 we present our results, and in section IV the results are discussed and compared with experimental and past theoretical results. Section V contains concluding remarks.
Calculational Methods
The geometry used for all states of trun.s-1,3-butadiene was that obtained experimentally by Haugen and Traetteberg29 for the C2, ground state. The geometry used for cis-1,3-butadiene was the theoretical estimate of the planar C2, ground-state geometry of Feller and D a v i d~o n .~~ The geometry of the cis is more uncertain than that of the trans, as there is considerable e~p e r i m e n t a l~' .~~ and t h e~r e t i c a l~~ debate over whether the cislike geometry has its most stable form for planar conformations or for twisted carbon skeletons with C-C-C-C dihedral angles of up to 39°.33
For convenience, for the remainder of the article, we will refer to basis functions and orbitals which are symmetric with respect to reflection in the plane of the molecule as u, and those which are antisymmetric upon reflection as a. Both molecules are oriented so as to lie in the yz plane. In C2, the ( I orbitals have symmetries a, and b, while the a orbitals have symmetries a, and b,. In C2, these correspond to a, and b2 for u, and bl and a2 for a. Note that the C2 axis is chosen to be along x in C2, but is along z in CZ0. Table   VI1 an augmented basis containing all of the above functions plus an additional diffuse p a function on each carbon (exponent = 0.009) was employed.
All S C F energies reported below were from restricted Hartree-Fock (RHF) calculations performed using the MELD series of d e s from this l a b o r a t~r y .~~ For states of the same symmetry as the ground state, a nonorthogonal SCF te~hnique'~ was used to obtain variationally stable SCF wave functions. The CI results were also obtained by using the MELD series of electronic structure codes. In all nonnatural orbital calculations the virtual orbitals were transformed to the K orbitals (KO) of Feller and D a v i d~o n .~~ MCSCF wave functions were obtained by using the QUEST series of electronic structure codes.41 MCSCF wave functions which allowed all configurations having 4 a electrons in 6 or 8 P orbitals were performed, with the remaining electrons allowed to readjust self-consistently. While energy differences will be quoted below from the results of these calculations, the main intent in performing them was to obtain improved points of departure for the CI treatments. In all CI calculations involving the MCSCF wave functions the virtual orbitals outside the active space were transformed to K orbitals.
obtained Two different CI treatments were used in the present study; they are defined below. In all cases no excitations were allowed out of the two lowest orbitals in the ag and b, (Le. u ) symmetries. These orbitals were composed essentially of the carbon 1s cores. Since our aim was primarily to obtain energy differences relative to the ground states, exactly analogous calculations were performed on the llA, and l'A, states to those on the given excited state.
Molecular properties for the complete CI wave functions were evaluated by using the MELD series of programs. Transition moments between the ground and excited states were evaluated by using CI wave functions for the ground state expanded in the orbitals of the excited state of interest. The energy estimate for the ground state obtained by using the excited-state orbitals was generally in good agreement with that obtained by using orbitals appropriate to the ground state, and it is expected that no serious Natural orbitals error in calculating the transition moment is introduced by this approximation.
The first type of CI treatment employed was the perturbation-theory selected multireference singles and doubles CI. In general, a small set of configurations was chosen (frequently the largest contributors to the wave function from a small CI) as a zeroth-order space. The electronic Hamiltonian was diagonalized over this small set of configurations and, for a calculation seeking m CI roots, the first m zeroth-order roots were chosen. The second-order Rayleigh-Schroedinger energy contribution of all configurations outside the zeroth-order space to each zeroth-order root was then calculated (only singly and doubly excited configurations can contribute) and a subset of all the configurations having the largest second-order energy contribution was selected and treated variationally in the CI. Inclusion of the effects of the remaining configurations was made via an extrapolation procedure,44 and estimation of the effects of unlinked clusters was performed using a perturbative expression presented p r e v i o~s l y .~~~~ These unlinked cluster effects arise from the use of a truncated CI expansion (e.g. only allowing up to double excitations from the reference configurations) and give rise to so-called "sizeincon~istency".~~ Such effects can also have a differential effect on excitation energies and it was found important to consider them in the present study. It should be noted that the perturbative expression only attempts to correct the energy of the given state and does not alter the coefficients of the configurations in the CI expansion. Thus, any effects of unlinked clusters on the spatial extents of the wave functions or the calculated transition moments are neglected in this approximation. Concerning the extrapolation procedure, we believe it is generally good to within 10% of the extrapolated energy increment, so that the uncertainties in the energies presented here are usually around 0.5 eV. While energy differences of the actual extrapolated energies are presented in the text, it is well to remember that their accuracy is dependent on a cancellation of any errors in the energy extrapolations for the two states. In the event that the reference space consists of a single configuration, that of the Hartree-Fock wave function, the CI is termed a Hartree-Fock singles and doubles CI (HFS-DCI). When the reference space contains more than a single configuration the CI is termed a multireference singles and doubles CI (MRSDCI). The second type of CI treatment used involved a priori selection of the configuration set. In these CI's, rather than attempting to correlate all u and P electrons, attention was focused on the correlation of the r electrons, and those u double excitations which might be expected to differentially affect the excitation energy of interest. In particular, we used two types of CI's, labeled CI1 and C14, which can be viewed as extensions of the CIl and C12 treatments of ref 37. These CI's were of special use in calculations regarding the 'B, states, and we define them below with reference to these states.
In CI1, all single excitations from the Hartree-Fock reference function were included, along with all double excitations involving the electron in the 2a, a * orbital. In addition, all o double excitations of the type termed "differential" (see below) were included with the a* electron in the 2a, and 3a, orbitals. This CI was primarily used for the purpose of generating average natural orbitals for the C14 calculations described below, since a comparable calculation on the ground state cannot be performed.37
Using the ANO's from CIl for the two lowest 'B, roots, we performed CI's which we have termed C14 calculations. The dominant configurations in the two lowest roots were the configurations having the 2a, and 3a, orbitals singly occupied, the remaining occupations being those of the ground state. All single excitations (o and P) and all double excitations involving at least one of the a electrons from either dominant configuration were included in the CI. In addition, approximate inclusion of dif- ferential u d correlation was made by using the following scheme. In the terminology of S i n a n~g l u ,~~ valence-Rydberg mixing can be affected by "internal" or "semiinternal" correlation effects.
These effects can arise because u electrons can make use of valencelike a orbitals for correlation, and the availability of these a orbitals will change depending on whether the state is of valence or Rydberg character. Thus, in addition to those configurations discussed above, all configurations having up to double excitations from the u space of the two dominant configurations (Le. 2a, or 3a, singly occupied) into the 2a,, 3a,, and 1 b, a orbitals were included. This entire set of configurations was treated variationally and is termed a "complete" C14 calculation.
Even for butadiene such CI's can rapidly become quite large, and as a result we tested a variety of smaller versions of the above scheme which involved restrictions on the orbital space in the following ways:
(1) Removal of the four highest K orbitals (or 4 N O S with the lowest occupation numbers) in the a, and b, (Le. a) symmetries, leaving a total of 27 orbitals in each CT symmetry.
(2) A calculation with the same orbital space as (11, but not allowing any aa' -u*d* excitations.
(3) A calculation similar to (2), but further restricting the u orbital space to 21 a, and 18 b, orbitals.
(4) A calculation similar to (2) but restricting the u orbital space to 14 a, and 12 b, orbitals.
The relative accuracies of these truncation schemes for the estimation of excitation energies will be examined, and all will be shown to give similar results for the state splittings and spatial extents of the various states. In Table I these truncation schemes are compared for calculations on the ground state of trans-1,3-butadiene, using both the l'A, SCF/KO and the 'B, A N 0 bases. The results indicate that for CI's of this type the truncation schemes 1-3 are in nearly quantitative agreement with the "complete" C14 calculations, the energy difference between a "complete" calculation and one using truncation scheme 3 being approximately 0.2 eV.
Estimation of the effects of unlinked clusters on the C14 results was made for the 'B, and 'B, states (and also the l'A, and l'Al used in the calculation of the 'B, and 'B, excitation energies) using the perturbative expression mentioned above.45 These results are designated CI4+Q in the text, since the largest unlinked terms generally come about due to the neglect of quadruple excitations in the CI treatment. Where both C14 and CI4+Q results are being referred to the symbol CI4(+Q) will be used.
In the cases of the 2IA, state of the trans isomer (and the 2'A1 state of the cis isomer), MCSCF wave functions reveal true multiconfigurational zeroth-order wave functions, having variable occupancies of the two lowest a, and b, a-like orbitals. Choice of any one or two configurations on which to base a C14 configuration would clearly lead to biased results, but a complete C14 calculation, based on a reference space containing all ways of placing four electrons in four a orbitals is too large for us to perform. Thus, to perform a modified C14 in these cases, we allowed a reference set consisting of the full four-electronlfour-a orbital set, but restricted the u orbital space to 14 a, and 12 b, orbitals. The differential u excitations allowed were all u d single (46) and double excitations into the two lowest orbitals of a, and b, symmetries for each reference configuration, and no aa' -u*d* excitations were allowed. An unlinked cluster correction was not made for the C14 results on the 2'A, and 2'AI states (nor for the associated l'A, l l A l calculations) since many of the important quadrupole excitations were already included in the reference space.
Results
We present the results for the cis and trans isomers separately.
(a) cis-J,jl-Butadiene. ( I ) SCF and MCSCF. Results from S C F and MCSCF calculations on some low-lying states of the cis isomer are shown in Table 11 . The S C F orbital occupation for the l'Al state was: in al symmetry, seven doubly occupied orbitals; in bz symmetry, six doubly occupied orbitals; and in symmetries a2 and bl, one doubly occupied orbital each. For the S C F calculation on the 'B, state, one electron was moved from the la2 orbital to the 2bl orbital, relative to the ground-state occupation. No meaningful S C F calculations can be performed for the 2]A1 state. Instead, results from four-electron/eight-a orbital CASSCF calculations for the l'Al and the 2'A, states are given in Table I . The excitation energies based on the corresponding calculations on the ground state are 5.57 eV to the 1'B2 state and 6.11 eV to the 2'A, state.
(2) Perturbation-Theory-Selected MRSDCI. In Table 111 , results are shown for a variety of perturbation-theory-selected CI's on the cis isomer. Along with the extrapolated CI energies are shown the type of molecular orbitals used as an orbital basis, the number of spin-adapted configurations treated variationally, the number of reference configurations in the zeroth-order space, the percentage of the second-order perturbation-theory energy retained by keeping the given subset of configurations, and the value of ( x 2 ) for the CI wave function. This last value is the quantity most indicative of the Rydberg or valence character of the wave functions.
The Hartree-Fock SDCI results for the l'Al and l l B z states yield an excitation energy of 5.62 eV, in good agreement with the experimental estimate of this value, which is around 5.5 eV.32 It should be noted that the spatial extent of the 11B2 state is considerably larger than that of the ground state, but nevertheless is significantly less diffuse than a pure Rydberg state, as will be shown below.
To determine an estimate of the excitation energy to the 2'B2 state, average NO'S were obtained for the two lowest 'B, roots from a modest CI. The ANO's of Table I11 were obtained from a MRSDCI consisting of an 11 reference-configuration zerothorder space (all configurations of the form (u core) lb2, laI2 nb',, n = 2-1 2); perturbation-theory configuration-selection was performed using the two lowest zeroth-order roots and approximately 37 OOO spin-adapted configurations were treated variationally. The agreement between the lowest root of the two-root calculation and that from the one-root HFSDCI is excellent. The second root is significantly larger in spatial extent and is a true Rydberg state. We know of no experimental estimates of the energy of this Rydberg state.
For the MRSDCI calculations on the 2lA1 state the orbital basis was that from the four-electron/eight-orbital MCSCF. The spatial extent of the 2'A, state is essentially identical with that of the ground state, indicating that this state is a pure valencelike state. It is also a true multiconfigurational state, as is shown in Table  IV , where the contributions of the first six configurations in the MRSDCI are shown and compared to those of the ground state. Table V . The insensitivity of the calculated excitation energies to the truncation scheme used should be noted. The CI4+Q results yield excitation energies approximately 0.15 eV lower than the C14 results. For both the C14 and CI4+Q results the excitation energies are in excellent agreement with those from the MRSDCI calculations. The calculated values of ( x 2 ) are somewhat smaller than the MRSDCI values but still present the same basic description of the two lowest 'B2 states.
Finally, a C14 calculation was performed on the l'Al and 2'A1 states as described above, using the MCSCF/KO basis of the 2lA1 state. The errors induced by not using the MCSCF/KO basis for the ground state will be shown below to be on the order of 0.16 eV for an analogous calculation for the trans isomer. The excitation energy obtained, 6.13 eV is in reasonable agreement with the MRSDCI value, and in excellent agreement with that from the MCSCF.
( 1 ) SCF and MCSCF Results. Hartree-Fock energies for the l'A,, 2'A,, and l'B, states are shown in Table VI . The orbital occupation for the l'A, state was: in the a, symmetry, seven doubly occupied orbitals; in the b, symmetry, six doubly occupied orbitals; and one doubly occupied orbital in each of the a, and b, symmetries. For the l'B, state, the a, and b, symmetry occupations were those of the ground state, and the A occupation was la2,, lb', 2a1,. For the 2'A, state a nonorthogonal SCF was used, the a, and b, occupations were those of the ground state and the a occupation was laZ, lb', 2b',. The overlap of the nonorthogonal orbitals for the 2'A, state was 0.01733. At the S C F level, both excited states are completely Rydberg-like, having excitation energies of 6.14 and 6.73 eV for the 1 'B, and 2'A, states, respectively.
Results from four-electron/six-r orbital MCSCF's are also shown in Table VI . Of particular interest is the 2'A, state, which, while its excitation energy is virtually unchanged from that of the S C F value, has completely changed in character from a Rydberg-like state to a multiconfigurational valencelike state. The l'B, state remains Rydberg-like and the MCSCF expansion is dominated by a single term. Increasing to a four-electron/eight-?r orbital MCSCP wave function does not change the description of the 1 'B, state.
( 2 ) Perturbation-Theory-Selected MRSDCI. In Table VII , a variety of CI's are shown concerning the four states of interest. The orbital basis set used for the 2'A, state was from the MCSCF calculation described above. The fraction of the perturbationtheory energy kept, 77.0%, is somewhat lower than would be desired. In this regard, the uncertainty in the energy estimate for this state is larger than for the other calculations presented.
We comment further on this in the discussion. The value of ( x z ) indicates a valencelike state.
For the 'B, states, a number of different orbital basis sets were used. In Table VII , the results labeled A used the orbitals from the four-electron/eight-x orbital MCSCF. For calculation B, the natural orbitals from the second root of a calculation similar to A were used. These NO's were valencelike. In calculation B two zeroth-order roots were used for perturbation-theory selection and two CI roots were sought. In C, the average NO's used were obtained from an eleven-reference-configuration MRSDCI (the eleven reference configurations being all those of the type (a core) la2, lb', na',, with n from 2 to 12) and in D-F, the average NO's from a CI1 calculation were used.
Comparison of calculations A and B shows that, while the spatial extent of the wave function is altered dramatically by the (b) trans-1,3 The energies reported for the MCSCF wave functions are obtained from a four-electron/six-r orbital CASSCF. change in orbital basis, the excitation energy is only marginally affected. The value of 6.42 eV for the excitation energy from calculation A is lower than any previous ab initio estimate for the llB, state obtained to date. It is, however, approximately 0.5 eV higher than the experimental and is significantly more Rydberg-like than the l'B, state is believed to be on the basis of experiment. In calculation B, the lowest root of the CI is most similar to the second root of the zeroth-order space (which was obtained by diagonalizing the Hamiltonian over the zeroth-order space), while the second CI root is most like the lowest zeroth-order root. This "root flip" is brought about due to a bias toward the valencelike root by use of the valencelike NOS. The extrapolated energy of the second root of the CI for calculation B (not shown) gives an excitation energy of 4.89 eV. This is clearly in error and is caused by a combination of use of an inappropriate orbital basis (for this root) and a somewhat low fraction of the second-order perturbation-theory energy kept (75.6%).
In calculation C, a somewhat more even-handed description of the two states is obtained through the use of ANO's. For both roots essentially the same fraction of the second-order energy is recovered. It is seen that both states are essentially Rydberg-like, the lower of the two is still 0.5 eV higher than the experimental estimate of the vertical transition energy.
In calculation D the two lowest roots are again found to have similar (large) spatial extents, but the excitation energies to the two lowest IB, states have dropped considerably, in part due to the use of the CI1 ANO's. In this case, when the eigenvalues of the Hamiltonian over the zeroth-order space were used for the perturbation-theory selection, there were significant changes in the relative values of the coefficients of the reference space in proceeding from the zeroth-order wave functions to the actual CI expansion. Both the perturbation-theory energy estimate and the extrapolation are most accurate when this change is small, so an iterative scheme for defining the zeroth-order wave function was used in calculation D (as well as calculations E and F). Initially, the zeroth-order wave functions used were those obtained from diagonalizing the Hamiltonian over the reference space and from these roots a modest MRSDCI was performed. In the next step, the coefficients of the zeroth-order wave functions were taken as their (renormalized) values obtained from the CI expansion, the Results E and F of Table VI1 are the only calculations in the present work to use the augmented basis set mentioned in section 11. The aim of calculations E and F was to examine the sensitivity of the state descriptions to increased flexibility in the diffuse portion of the basis. The excitation energies reported in Table  VI1 for results E and F are relative to a calculation on the ground state in the augmented basis, which yielded an energy of -155.4027 au. The ANO's for these two calculations were obtained from a CI1 calculation on the three lowest roots of 'B, symmetry for the trans isomer. The results labeled E are from a calculation similar to result D. The oscillator strengths for transitions from the llA, to the l'B, state and the 2'B, state are 0.508 and 0.413, respectively. The results labeled F are from a calculation analogous to D and E, but seeking three roots of 'B, symmetry rather than two. It should be noted that complete convergence in the coefficients of the zeroth-order wave functions for roots two and three was not obtained for calculation F. Therefore, the excitation energies presented are subject to somewhat greater uncertainties in the energy extrapolation than results D or E. The oscillator strengths for transitions from the l'A, to the IIB,, 2'B,, and 3]B, states are 0.348, 0.573, and 0.0166, respectively.
( 3 ) Cl's Using a Priori Selection of Configurations. A CIl calculation on the two lowest roots of 'B, symmetry, beginning from the S C F wave function, gave an energy separation of 1.36 eV between the l'B, and 2lB, states, and values of (xz) of 26.66 and 54.55 au, respectively. This result differs radically from the MRSDCI results on the 'B, states, in that it clearly obtains a valence-like state as the lowest CI root of IB, symmetry.
To further examine the 'B, states, truncated CI4(+Q) calculations were performed. The results of CI4(+Q) calculations 2-4 (see the Calculational Methods section for definitions of these truncation schemes) are shown in Table VIII . All C14 calculations yield essentially the same prediction: that the lowest state of IB, symmetry is best described as somewhere between a valence and a Rydberg state, that it is 6.4-6.5 eV above the ground state, that the second state of 'B, symmetry is 0.8-0.9 eV above the l'B,,, and is a Rydberg state. However, inclusion of the correction for unlinked terms (CI4+Q results) significantly lowers the excitation energies for both 'B, states. Comparing these results with the CI4(+Q) results for the cis isomer shows that the I'B, state is somewhat more diffuse than the 1'B2 state.
The results in Table VI11 'See Calculational Methods section for a description of the type of C14 calculation performed. bMolecular orbital basis set used in the given CI. Percentage of the second-order R S perturbation theory estimate retained for the given number of configurations. dNumber of spin-adapted configurations treated variationally. e See the Results section for a description of these calculations. Table IX are complicated, however, by the fact that the average N O S were calculated from a CII calculation, where no crd excitations into the u virtuals were allowed. Thus, there is no reason to expect that when the cr virtual space is truncated the orbitals kept will necessarily be effective in correlating the u electrons. This is the main cause of the disparity between the two 1 'A, results in Table IX , where the HF/KO M O s are significantly more effective for u correlation. In other calculations (see Table I ) where both 'B, average NO'S and the IA, S C F orbitals are used for the same state the disparity is not nearly so great. Nevertheless, even if one restricts attention to the 'B, states, these calculations indicate that neglect of crcr' correlation can alter the description of the 'B, states.
IV. Discussion
The results presented above for the low-lying states of the cis isomer illustrate an important point regarding the calculational methods used. For the cis isomer, the MRSDCI results and the a priori selected CI results are in virtually exact agreement for the calculated excitation energies, with or without inclusion of the unlinked cluster correction in the CI4(+Q) results. Each technique neglects a portion of the CI scheme included in the other; the MRSDCI selects configurations based on their second-order perturbation-theory energy lowering, and therefore neglects some of the AT' and AU correlation explicitly included in the CI4(+Q) calculations, whereas the CI4(+Q) calculation completely neglects any uu' correlation, other than that termed differential (see above). Two possibilities exist. Either that which is neglected by each technique is not important to the calculation of the excitation energy (nor can it be of qualitative importance to the spatial description of the state), or the portions neglected by each method lead to the same gross error in state descriptions and excitation energies. While the second alternative is possible, it seems highly unlikely, and it is more likely that the two descriptions agree because they both contain the essential physics of the states examined.
Comparing the spatial extents of the MRSDCI and CI4(+Q) wave functions for the 1'B2 states it is seen that the MRSDCI results tend to yield somewhat larger values of (x2). The difference is on the order of 4 au2. Possible reasons for this are discussed below in conjunction with similar results for the trans isomer.
The agreement between the experimental estimate of the 1'B2 state excitation energy and that obtained here also lends support to the accuracy of the methods. Again, this agreement could be fortuitous, but the agreement of the two quite different CI methods suggests that the results are most likely not artifacts.
Thus, regarding the description of the l'Bz state, the present calculations suggest that it is of the "classical" A -A* type, with the exception that the A* orbital is somewhat more diffuse than, for instance, the 13Bz A* orbital. However, it is nowhere near as large as a true Rydberg orbital. The results indicate that the transition to the 11B2 state should be strongly allowed and much more intense than the transition to the 2IB2 state, based on the spatial extents of the wave functions obtained here. The results also locate the 2'A1 state above the 1'B2 state, by anywhere from 0.2 to 0.6 eV, probably 0.4 eV above (Le. a transition energy of 6.0 eV) is a reasonable compromise. The transition is expected to be quite weak, due to the predominantly doubly excited nature of this state, and will be virtually impossible to observe in the presence of the trans isomer. We believe the accuracy of the methods is sufficient to be able to discern the energy difference between the l'Bz and 2IAI states and therefore feel reasonably certain that the lowest excited singlet state of the cis isomer is, in fact, the 1 'B2. Differences between our results and previous theoretical s t~d i e s~~~ can be attributed to our larger basis set and inclusion of important u correlation effects.
Turning to the trans isomer, we first consider the CI results for the 'B, states. The MRSDCI results of Table VI1 indicate the sensitivity of the CI wave function to the MO basis set used. Results A and B give similar estimates of the excitation energy to the llB, state but yield vastly different values of (x2), indicating a qualitative difference between the two results. This sensitivity arises from a number of factors, among which are the nearness of the two lowest 'B, roots and the inherent bias of the CI result toward the root which is better described by the chosen MO basis.
A less biased description can be obtained by use of ANOs, as is demonstrated by results C-F in Table VII . It is seen that the percentage of the second-order perturbation-theory energy-lowering is nearly identical for the two roots in these cases, as is the coefficient of the zeroth-order root in the final CI (not shown). The main difference between result C and results D-F is in the character of the states obtained from the modest CI's used to calculate the ANOs. In C, the two zeroth-order roots in the small CI were both Rydberg-like and as a result the two lowest CI roots tended to be Rydberg-like as well. In D-F the CII calculations used to obtain the A N O s produced a lowest valence-like root and the ANO's had greater flexibility in the description of the wave function when a limited CI was performed. Result D places the energy of the 1 IB, states at 6.2 eV above the ground state, or 0.3 eV above the experimental intensity maximum. However, the feature assigned to the I'B, state experimentally is composed of three broad peaks, one at approximately 6.1 eV, quite close to the result of calculation D. The oscillator strength for the transition to the lowest lB, state from calculation D is in reasonable agreement with the experimental estimate,Ia although the value for the 2'B, state is far too large, independent of whether the 6.67-or 7.07-eV transition (or any other transition in this region) is assigned to the 2'B, transition.
Result E of Table VII , obtained by using an augmented basis set, addresses the question of whether the description of the 2lB, state obtained in D is an artifact by adding extra flexibility to the Rydberg portion of the basis. It is seen that, while the results for the llB, state are quite similar to those of calculation D, the 2'B, state is far more diffuse and the oscillator strength has dropped somewhat. The effect of extra diffuse functions on the character of a Rydberg state when a low-lying mixed valenceRydberg state exists has been discussed previously in the case of ethylene.47 However, the oscillator strength for the 2'B, is still larger than expected based on a comparison of the experimental intensities for the l'B, state and the Rydberg transitions at 6.67 or 7.07 eV. While additional Rydberg functions might alter the results further, neither the qualitative descriptions of the two lowest IB, states nor the excitation energies are expected to change significantly from result E for a calculation of this type.
Comparison of results E and F of Table VI1 indicates some of the dangers which can occur when (by necessity) a truncated configuration set with an essentially fixed number of configurations is used in the performance of a CI. In proceeding from E to F it is seen that by seeking a third root, the qualitative nature of the lowest root is changed. It is possible that this is an error in result F arising from the selection of more configurations appropriate to the correlation of Rydberg-like states in the MRSDCI treatment (since configurations are selected on the basis of their energy contribution to any root and, at least at the CIl level, two of the roots are Rydberg-like). Alternatively, it may be that result E is in error, precisely because an insufficient number of configurations which correlate the Rydberg-like states was included. At present this must be considered an open question, one for which further work is mandated. Given that result E yields better agreement with the supposed qualitative state descriptions, we feel it is the most accurate MRSDCI result. Thus, our best MRSDCI results predict the l'B, state to have an excitation energy of approximately 6.2 eV, to be of mixed valence-Rydberg character, with ( x 2 ) = 40.76 and the oscillator strength to be 0.508. The 2lB, is predicted to occur at 7.01 eV, being more Rydberg-like than the l'B, state, ((x2) = 51.26) and having oscillator strength in a transition from the ground state of 0.413. The calculated value of the oscillator strength is too high for a true Rydberg state and is significantly higher than any observed transitions in this region of the spectrum. This is most likely an error in the present results, wherein too much valence-like character is being incorporated into the 2lB, state. However, given the insensitivity of the calculated excitation energies for results A-C in Table VI1 to the spatial extent of the 'B, state obtained, we still feel that the present excitation energy is reasonably accurate. Thus, as an assignment of the 2'B, state, our results indicate that at least a portion of the intensity observed a t 7.07 eV in the experimental spectrum is due to the 2'B, state, which has significant llA, -'B, (3p,) character.
Considering the CI4(+Q) calculations on the 'B, states, the results in Table VI11 are unique in that for the first time ab initio calculations have produced a lowest state of 'B, symmetry which is basically valencelike in character. While this result may be viewed as a triumph, it remains ambiguous in relation to the The Journal of Physical Chemistry, Vol. 91, No. 17, 1987 Cave and Davidson experimental results on the lowest 'B, state. In comparison with experiment it is seen that the calculated CI4+Q excitation energy (-6 .25 eV) is still 0.3 eV higher than the experimental intensity maximum for this state. (The CI4 results, due to the inclusion of unlinked terms in the CI expansion, are even farther from the experimental values, the difference from experiment being 0.55 eV.) The agreement between the CI4+Q excitation energies to the two lowest 'B, states and the MRSDCI results labeled D in Table VI1 (which use the same basis as the CI4+Q results) is quite encouraging and lends support to the present estimates. However, the lowest 'B, state in the CI4(+Q) results is significantly less diffuse than any of the MRSDCI calculations which treat the two lowest states on an equal basis (CI's C, D, E, and F in Table VII ).
This last fact need not negate the CI4+Q result, but in the event that two methods yield results in disagreement it is not obvious which is the more accurate, especially when neither is in exact agreement with the experimental value for the transition energy.
Thus, while the two CI methods yield similar results for the excitation energies to the two lowest 'B, states, the spatial extents obtained are somewhat different. This difference in spatial extents between the two methods is similar to (but somewhat larger than) what was encountered in the case of the two lowest IB2 states of the cis isomer when comparing the MRSDCI and CI4(+Q) ( x 2 ) values. Two possibilities present themselves as reasons for the difference in the calculated ( x 2 ) values between the two CI methods: (1) lack of ad double excitations in the CI4 calculations and (2) size-consistency effects.
Concerning possible uu' double excitation effects, the results of Table IX are of interest in comparing the CI4(+Q) results with the MRSDCI results for the 'B, states. It is seen that augmenting the C14 wave functions with a specific subset of all uu' double excitations actually increases the spatial extent of the l'B, state, without seriously altering the excitation energy. While it may be argued that only a subset of the D virtual space has been included and that those orbitals included are not optimal for uu' correlation, the result is nevertheless suggestive of a more diffuse description of the llB, state when the u electrons are correlated.
The theoretical results for the "V" state of ethylene also yield a mixed valence-Rydberg type of state,37x47-49 and given the qualitative similarity between the ethylene "V" state and the 1 'B, state it is not unreasonable to expect a somewhat diffuse 1 'B, state for butadiene. It is interesting to note that even for ethylene the C12 type of c a l c~l a t i o n~~ yields a less diffuse "V" state than any of the CI treatments which attempt to correlate all electron^,^^-^^ a similar result to that obtained here for butadiene. Whether this increase in (x2) upon correlating the u space is physical or is an artifact due to the deterioration of CI treatments as the number of electrons correlated increases49 ("size-inconsistency" arising from unlinked cluster effects on the CI coefficients) cannot be assessed at the present time and must await the refinement of size-consistent techniques for the treatment of excited states.
Regarding the 2'A, state of the trans isomer, we found that the qualitative description of the state is entirely analogous to that of the 2IAl state of the cis isomer. The multiconfigurational zeroth-order description is again found to contain significant contributions from nominally doubly-excited configurations, as has been discussed p r e v i~u s l y .~~~ The calculated excitation energy of 6.2 eV at the MRSDCI level (or 6.7 eV at the MCSCF level) is significantly lower than the more recent ab initio estimates6v7 and is more in line with earlier estimate^.^,^ While it would be desirable to assign a single cause to our present lower estimate, differences in CI methodology make such comparisons difficult. However, two possible choices may be: (1) the inclusion of d a polarization functions (which might be expected to improve the description of a highly correlated .rr state), and (2) resulted in a lowering of the excitation energy. However, we stress that the energy extrapolation used to obtain the 2IA, state in the MRSDCI is by far the largest in the present study, and errors in the extrapolation generally tend to artificially lower a given state's energy. While we believe the extrapolation is reasonably accurate, it may not be sufficiently so to distinguish between the MRSDCI value of 6.2 eV and the MCSCF value of 6.7 eV. Thus, the fairest estimate of the excitation energy based on the present series of calculations is that the 2'A, state is located in the region from 6.2 to 6.8 eV above the ground state.
In comparing the cis results for the lowest ]Bz state to those for the llB, state of the trans isomer, a number of differences should be noted. First, the S C F description of the llB, state is significantly more diffuse than that of the l'Bz state (results not shown). CI's based on the respective S C F MO's (e.g. result A of Table VI1 for the lIB, state and the HF/KO result of Table  I11 for the 11B2 state) yield vastly different values of (xz). This description of the l'B, state as more diffuse than the l l B z state persists for the C14(+Q) results as well as the ANO-based MRSDCI's. In addition, while the 1 'B2 state's MRSDCI energy estimate is in apparent agreement with the experimental value, the 1 IB, MRSDCI energy estimate is above that of experiment by approximately 0.3 eV. Also, while the CI4, CI4+Q, and MRSDCI calculations yield essentially exact agreement for the excitation energies of the 11B2 state, only the CI4+Q and MRSDCI results are in agreement for the l'B, state. Thus, if our results are correct, they indicate a qualitative difference between the l'B, state of the cis isomer and the llB, state of the trans isomer, which might not be expected to occur from merely rotating about a single carbon-carbon bond. It is interesting to examine what effects might be responsible for these differences.
One possibility is a strong 1-4 a interaction in the cis isomer, resulting in a stabilization of the valence component of the l'B, state which is not obtained for the trans isomer. Calculations of the SCF overlap population between carbons 1 and 4 (the terminal carbons) for the 1 'B, state give a value of 0.842, almost entirely from a contributions, as compared with a value of -0.080 for the 1 'Al state. Recalculation of the overlap population removing the contribution of the most diffuse a functions on each carbon yields an overlap population of 0.309 between the end carbons in the 1 'B, state, which still suggests a reasonable bonding interaction. For the trans isomer, the overlap population between the terminal carbons in the llB, state (for the augmented Rydberg basis at the S C F level) is 0.202, whereas upon removal of the two most diffuse basis functions the overlap population between the terminal carbons drops to 0.084. In part, this decrease is due to the increased Rydberg content of the S C F 1 'B, wave function relative to the 1'B2 state, but the reason for the increased Rydberg character may lie in the lack of favorable 1-4 interaction in the trans isomer.
Another possible difference between the cis and trans isomers, based on a valence-bond analysis, may be a change in the stability of certain ionic configurations when proceeding from the cis to the trans isomer. As has been discussed previou~ly,~?~ the valence bond description of the l'B, state (and also the lIBz state of the cis isomer) contains large contributions from configurations which are ionic in nature, while the ground state, the lowest triplets, and the 2IA, (or 2IAl) state are predominantly composed of covalent configurations. Thus, it is possible that the geometry of the cis may preferentially stabilize one (or more) of the ionic types of configurations, relative to the Rydberg configurations near their energies. For example, consider the valence-bond structures of the form C=C-C--C+ f res and C--C=C-C+ * res, which we denote A and B, respectively, where res indicates the corresponding symmetry related resonance structure. Of these valence-bond structures, A will, to lowest order, have similar stability in the cis and trans cases, as the electrostatic interactions can be assumed similar. However, structure B may be preferentially stabilized in the cis isomer where the distance between the charged ends is greatly reduced.
Considering the calculated excitation energy for the l'B, state of the trans isomer, we note that our best estimates for the excitation are above the experimental intensity maximum by 0.3 eV. Although the possibility of inherent limitations in the CI's still exists for the 1 'B, state, the results for the cis isomer are in close enough agreement with present experimental results that other reasons for the disagreement with experiment in the trans case are worth considering. Several possibilities suggest themselves as reasons for this discrepancy.
One possibility is that the transition is nonvertical, as has been suggested previously.5ss Experimental evidenceI3 suggests that the l'B, state has lengthened C-C terminal bonds and a shortened C-C central bond, a geometry which should significantly lower the 1 'B, state's energy. If the transition moment were a strong function of position, and if the energy of the llB, state dropped steeply enough with displacement along the distortion to the estimated experimental geometry it is possible that an effect of this type might account for the difference between experiment and theory for the 'B, intensity maximum. S C F results on the 1 'B, state using an experimental estimate of the excited-state geometry13 still yield a Rydberg-like state. Further work is underway to address this question using correlated wave functions.
A second possibility is that, as mentioned above, the llB, state may have a large component of "ionic" configurations, which are biased against by the use of symmetry restricted MO's. Hosteny et aL4 have performed full CI calculations in the a space and still found the lowest ?r -a * state to be Rydberg-like and still significantly higher in energy than the experimental value. However, these calculations used the u space of the ground state for all excited states and, furthermore, allowed no excitations from the u space in their CI treatments. Our calculations strongly suggest that a proper description of the IB, states requires explicit inclusion of u-?r correlation effects and that, without these, the valencelike component is strongly biased against (cf. the CI4(+Q) results). When a limited CI was performed with the possibility of incorporating greater flexibility in the a space along with some n a correlation (a four-electron/eight-a orbital CI from the average NO'S of the CIl calculation, which, in addition, allowed all uu' excitations from all configurations, within the 14 ag 12 b, u space), the two lowest states of IB, symmetry had ( x 2 ) values of 39.60 and 42.76 au, with excitation energies of 6.68 and 7.47 eV, respectively. Clearly, if such a calculation were to provide a resolution to the current controversy, it would need to be more extensive than the one considered here. In particular, ?r ionic configurations will strongly polarize the u space, and these effects are almost completely neglected in the above CI.
A third possibility is that the excited state is of lower symmetry than CZhr and that the l'B, and the 2]A, states mix and thereby stabilize the lower of the two. It is likely that, were this the case, the interaction of the 2'A, with the valencelike 'B, state would be largest and would thus preferentially stabilize the valencelike component. This argument also necessitates a nonvertical transition and would suggest strong mode-mixing in resonance Raman spectra in the region of the l'B, state. Initial studies of this kind have found minimal evidence for such mode mixing.24 The idea of a broken symmetry excited state is consistent with the short lifetime of the 1 'B, state,6 which in lower symmetry could nonradiatively decay to the ground state.
It should be stressed that, while there are further avenues for investigation, any arguments concerning errors in the calculations on the trans isomer could also be levied against the calculations on the cis isomer. The calculations on the cis isomer convincingly show that the methods are capable of describing the singlet ?ra * state in question. We believe that the discrepancies encountered in this work concerning the trans isomer are indicative of a more novel description of the l'B, state, and not an inherent weakness in the description of a -a * states.
We would also comment on the predicted ordering of the 1 IB, and 2'A, states for the trans isomer. The present best results, taken at face value, place the 2'A, state 0.2 eV above the 1 IB, state. One might be tempted to additively correct both states by the error in the calculated l'B, excitation energy, arguing that both states are a -a* excitations, and that similar errors should be engendered in calculations on each. This could be an incorrect procedure, since the evidence on the cis isomer suggests that errors in calculated excitation energies are not uniform for all a -a* excitations, as do results on the low-lying triplet and other Rydberg state^.^,^-* In comparison with the experimental estimate for the l'B,,, our best results place the 2'A, above this value by from 0.3 to 0.9 eV. The correct interpretation may not be so simple, however, if the picture of the llB, is altered by some of the factors discussed above. We believe past estimates of the 2lA, state at approximately 7.0 eV6q7 are in error. It is apparent that observation of the 2'A, state in the region in which we predict it to lie will be extremely difficult.
V. Conclusions
Results from a b initio calculations on the low-lying valencelike states for cis-and trans-1,3-butadiene have been presented. A variety of CI methods were employed which reveal a qualitative difference between the cis and trans isomers. Our results show the cis to have a lowest-lying 'B2 state a t approximately 5.5-5.6 eV, in goad agreement with experimental estimates for this state. The second valencelike singlet state contains significant doubly excited character relative to the ground state and is analogous to the 2'Ag state of the trans isomer, as well as similar states found in longer polyenes. The 21B2 state is predicted to lie approximately 1.4 eV higher in energy than the l'Bz and is found to be a completely Rydberg-like state.
In contrast, the l'B, state for the trans isomer was found to lie 0.3 eV above the experimental intensity maximum for this state, and to have significantly more Rydberg character than the corresponding state in the cis isomer. The oscillator strength for this transition is, nevertheless, in reasonable agreement with the experimental value. On the basis of our results, we estimate that the 2'A, state lies above the experimental intensity maximum for the l'B, state by from 0.3 to 0.9 eV (Le. from 6.2 to 6.8 eV). The results suggest that the qualitative nature of the lowest a -a* state of 1,3-butadiene is highly sensitive to the geometry of the molecule. Further work is in progress to assess the sensitivity of the states to other geometric variations.
Finally, the results presented here indicate that ab initio CI treatments on the a -a* excited states of such polyenes which only treat a d correlation effects will be inadequate for the description of either excitation energies or of the spatial extents of the states. We conclude from this that the relative success of semiempirical treatments in the past must result from the approximate inclusion of m a correlation via the effective Hamiltonian employed.
